It is possible to determine the optimum time for permanence of vegetative propagules (mini-cuttings) inside a greenhouse for rooting, and this value can be used to optimize the structure of the nursery. The aim of this study was to determine the dynamics of adventitious rooting in mini-cuttings of three clones of Eucalyptus benthamii x Eucalyptus dunnii. Sprouts of H12, H19 and H20 clones were collected from mini-stumps that were planted in gutters containing sand and grown in a semi-hydroponic system. The basal region of the mini-cuttings was immersed in 2,000 mg L -1 indole-3-butyric acid (IBA) solution for 10 seconds. The rooting percentage of the mini-cuttings, the total length of the root system and the rooting rate per mini-cutting were also evaluated at 0 (time of planting), 7, 14, 21, 28, 35, 42, 49 and 56 days. We used logistic and exponential regression to mathematically model the speed of rhizogenesis. The rooting percentage was best represented as a logistic model, and the total length of the root system was best represented as an exponential model. The clones had different speeds of adventitious rooting. The optimum time for permanence of the mini-cuttings inside the greenhouse for rooting was between 35 and 42 days, and varied depending on the genetic material.
Introduction
The Eucalyptus genus was originally limited to Australia and the regions around it, and comprises about 600 species, ranging from small shrubs to large trees that occur in a vast range of habitats (TURNBULL, 1999) . Eucalyptus are the most widely planted hardwood trees all over the world (CABRAL et al., 2011; TURNBULL, 1999) due to their large number of species, wide adaptability to soils and climates, fast growth rates, the wide knowledge and technology for their culturing and the variety of wood and non-wood products that come from them. The (DELWAULLE et al., 1983) and was introduced in Brazil in 1979 (CAMPINHOS; IKEMORI, 1983) . The development of clonal propagation techniques has allowed for the full maintenance of genetic characteristics of a selected plant (donor of mini-cuttings), which has provided uniform forests with rapid growth and the production of homogeneous raw materials (FERREIRA et al., 2004; SCHWAMBACH et al., 2008) . In general, the advantages of vegetative propagation are the uniformity of forests, the adaptation of specific clones for production areas and the maximization of timber production in quantity and quality, as compared to forest plantations produced by seeds (seedlings) (GOULART; HARTMANN et al., 2002; SCHWAMBACH et al., 2008) . Moreover, clonal forests can allow for the accurate prediction of yields and, therefore, the profits. Rooting processes for the production of vegetative propagules of Eucalyptus such as microcutting and mini-cutting techniques have been used for the propagation of selected clones (superior trees), which allows considerable gains for commercial production due to higher rooting rates and a reduced time for mini-cutting formation (STAPE et al., 2001; TITON et al., 2002) . Minicutting is a propagation technique that has largely been used in recent years for the commercial cloning of Eucalyptus in Brazil. This mass propagation technique originated as a response to the limitations of the micro-cutting technique used to obtain rejuvenated material in micropropagation laboratories, including technical, structural and operational limitations as well as the cost. The minicutting technique can be divided into the following stages: (i) production of mini-cuttings in clonal mini-garden, (ii) induction of adventitious rooting in the greenhouse under intermittent mist and with a controlled temperature, (iii) acclimation in a shade house and (iv) growth and hardening in outdoor conditions (BRONDANI et al., 2010a) .
Plant growth regulators have had positive effects on rooting in Eucalyptus species that have poor rooting capacities. Indole-3-butyric acid (IBA) is a commonly used growth regulator that has been applied in different forms, including powder, liquid (ALMEIDA et al., 2007; BRONDANI et al., 2010a and b; DAY et al., 1998; and, more recently, gel (BRONDANI et al., 2008) . However, considering the conditions favorable to disease incidence in the greenhouse during root formation and the need to optimize the installations in the nursery, a technical criterion can be used to determine the optimum time for permanence of mini-cuttings in the greenhouse. This value can be calculated by taking the intercept between the curves of the daily current increment (DCI) and the daily medium increment (DMI) for the rooted mini-cuttings, similar to what has been done in the field of forestry biometrics (FERREIRA et al., 2004) . Using this criterion, Ferreira et al. (2004) determined the optimum time for rooting of mini-cuttings of two clones of Eucalyptus spp., obtaining the optimal time for permanence of the mini-cuttings inside the greenhouse and demonstrating the potential of mathematical modeling of rhizogenic processes for the management of selected genotypes. Despite recent advances in forest biotechnology, current scientific reports are insufficient in terms of the rooting efficiency of the mini-cutting technique for the optimization of installations in the nursery.
In regions where the incidence of severe frosts affects the establishment of Eucalyptus forests, the adaptation to low temperatures is one of the most important characteristics that can be introduced via genetic transformation or hybridization. The hybrids Eucalyptus benthamii and Eucalyptus dunnii were of economic importance to cold regions in Brazil. Nevertheless, subtropical species of Eucalyptus generally have poor adventitious rooting abilities (ASSIS; MAFIA, 2007; BRONDANI et al., 2010b) . Additionally, the production of interspecific hybrids of elite genotypes may provide additional benefits (TRUEMAN; RICHARDSON, 2007) , considering the adaptive advantages of the parental species.
We aimed to determine the dynamics of rooting through mathematical modeling of the emissions and root growth of three clones of Eucalyptus benthamii Maiden & Cambage x Eucalyptus dunnii Maiden propagated by the mini-cutting technique.
Material and methods

General characterization of the experiment
The experiment was conducted from April to June of 2006 in a greenhouse belonging to the National Research Center for Forestry ResearchEmbrapa Florestas, Colombo, Paraná State, Brazil (25°20' S and 49°14' W; 950 m). The climate of the region is Cfb, according to the Köppen classification.
Source of clones and formation of the clonal mini-garden
The sprouts used to obtain the mini-cuttings originated from Eucalyptus benthamii x Eucalyptus dunnii mini-stumps (clones H12, H19 and H20) ( Figure 1A ), grown in a semi-hydroponic system of the 'canaletão' (gutters) type, containing medium sand. The ministumps were produced by conventional cuttings from trees selected on the field at one year of age (BRONDANI et al., 2010b) , which were planted in gutters with a spacing of 10.0 x 15.0 cm. At 21 days after planting, pruning of the mini-stumps was conducted in the apical sprouts at 7 cm above the root collar, keeping a pair of leaves per mini-stump to induce new axilar sprouts ( Figure 1B ). The first collection of sprouts was conducted 45 days after the ministumps were pruned ( Figure 1C and D), forming a clonal mini-garden ( Figure 1E ).
Management and nutrition of mini-stumps
The clonal mini-garden was kept in a greenhouse covered with polyethylene. The mini-stumps received nutrient solution three times per day (daily total of 5 L m -2 ), prepared from a commercial fertilizer mixture. Zn.
Collection of sprouts and preparation of the mini-cuttings
Before the sprouts were pruned, plant materials were sterilized with a 70% water-ethanol solution (v v -1 ), and the sprouts of three hybrid clones of Eucalyptus benthamii x Eucalyptus dunnii (H12, H19 and H20) were collected. The sprouts were stored in styrofoam boxes containing water to prevent the loss of cellular turgor in the tissues and reduce oxidation. After the sprouts were collected, shoot tips from the mini-cuttings were eliminated, and, for each minicutting, a pair of leaves was maintained with a reduction of 50% of the total leaf area. Each minicutting was 6 cm (± 1 cm) in total length.
The basal region of each mini-cutting was immersed in a solution containing 2,000 mg L ). The conical plastic tubes were immersed in 0.25% active chlorine solution (NaOCl) for 48 hours for disinfection before the mini-cuttings were inserted.
Rooting of the mini-cuttings
The mini-cuttings were kept in a greenhouse with an intermittent mist system set at a misting flow rate of 7 L h -1 . The relative humidity and the temperature of the air were automatically controlled by a humidistat and timer, respectively. Air temperatures and relative humidities in the greenhouse were reported weekly during the experimental period (April to June of 2006) ( Table 1) . Response variables and experimental design
Rooting was determined every seven days: at 0 (time of planting), 7, 14, 21, 28, 35, 42, 49 and 56 days after the mini-cuttings were brought into the greenhouse. Each evaluation used 10 randomly sampled mini-cuttings per replicate, and the number of mini-cuttings rooted, the total length of the root system (TENNANT, 1975) and the rooting rate were evaluated. The sampling was destructive. Through weekly evaluations, the daily current increment (DCI) and the daily medium increment (DMI) were determined. The optimum time for permanence of the mini-cuttings in the greenhouse was calculated as the intercept between the DCI and DMI curves (FERREIRA et al., 2004) . The DCI and DMI curves were determined using the following formula:
where: i = time of evaluation; X (i+1) = total length of root system in the time i+1; X (i) = root total length in the time i; T (i) = days in the time i; DCI = daily current increment and DMI = daily medium increment.
The experiment was conducted using a completely randomized design with a factorial arrangement. The experiments were performed using three clones (H12, H19 and H20) with eight weekly evaluations (7, 14, 21, 28, 35, 42, 49 and 56 days) of five replicates of 70 mini-cuttings.
Statistical analysis
The data were analyzed using the Bartlett test (p < 0.05) to test for homogeneity of variance between treatments. Analysis of variance (ANOVA) was used to test for significant effects of the treatments (p < 0.01 and p < 0.05). According to significance, the data were subjected to logistic and exponential regression (p < 0.05).
Results and discussion
Rooting percentage
There was an interaction between the rooting percentage (p < 0.01) and the weekly evaluations (time) for clones of Eucalyptus benthamii x Eucalyptus dunnii propagated by the mini-cutting technique. Different clones showed different behaviors in relation to rhizogenesis, and, therefore, different equations were adjusted (p < 0.05). The variation of the rooting percentage of the mini-cuttings in relation to time (days) was adequately represented by an adjusted logistic equation and was statistically significant (p < 0.05).
Rhizogenesis of the mini-cuttings started at day 21 (Figure 2) , independent of the clone evaluated. For the H12 clone, 66.7% of the mini-cuttings had rooted at 42 days (Figure 2A) , and rooting stabilization occurred during this evaluation period. For the H19 and H20 clones, 44.4% of the minicuttings had rooted at 42 days ( Figures 2B and C) , with a similar growth rate between the two genotypes. Thus, the time for permanence of minicuttings (clones H12, H19 and H20) in the greenhouse for an adequate rooting percentage can vary, and the permanence time can be longer or shorter, depending on the genetic material. 
Total length of the root system
The semi-hydroponic system, containing ministumps of hybrids ( Figure 3A) propagation process, from sprout production to the preparation of mini-cuttings ( Figure 3B and C). During the sampling period of the mini-cuttings, 7 days after entry into the greenhouse, morphological changes in the basal region were not observed ( Figure  3D ). However, at 14 days, callus formation in the basal region of the mini-cuttings was verified, without the presence of adventitious roots ( Figure 3E-G) . The first adventitious roots were detected at 21 days ( Figure  3H ), regardless of the clone evaluated, and the roots grew exponentially up to 56 days ( Figures 3I-M and 4) . Again, there was a growth rate differential between the clones (Figure 4) . The total length of the root system varied between the clones (p < 0.05) and increased exponentially until 56 days (Figure 4) . At 35 days ( Figure 3J ), the total length of the root system of the mini-cuttings for the recipients (conical plastic tubes of 55 cm During this time, the roots showed good formation and development but were very fragile. At 42 days, the roots were better formed, with a greater number of secondary and tertiary roots ( Figure 3K ) for all clones ( Figure 3N ). Curves of the DCI (daily current increment) and the DMI (daily medium increment)
Regardless of the clone evaluated, the maximum growth of the roots was reached at 35 days, and then a growth reduction occurred until day 56 ( Figure  5A-C) . This behavior is associated with the restriction of root growth by the conical plastic tubes, which have a specific volume limiting the growth and development of roots (55 cm 3 ), until the mini-cutting is formed ( Figure 3N ). The intercept between the DCI and DMI curves occurred at approximately 49 days, indicating that the minicutting should be transferred for acclimation before that stage (49 days). Mini-cutting is an important cloning technique in the forestry sector, mainly used for the production of selected tree mini-cuttings, allowing genetic characteristics to be maintained (MAJADA et al., 2011; ROMERO, 2004; SCHWAMBACH et al., 2008; STAPE et al., 2001; WENDLING et al., 2010) . Despite advances in plant biotechnology, rhizogenesis in mini-cuttings (adventitious root formation) is poorly understood, including the different factors (chemical and physical) that influence their induction and formation (HARTMANN et al., 2002; HUNT et al., 2011; HUSEN; PAL, 2007; RASMUSSEN et al., 2009; RISOPATRON et al., 2010) , as well as the speed of root growth. The root growth can be evaluated and used as a parameter to mathematically model the time of permanence of mini-cuttings in the greenhouse (FERREIRA et al., 2004; GOULART; TITON et al., 2002) , optimizing the installations and mini-cuttings production in a nursery.
Thus, in accordance with the practices adopted in each nursery, numerous factors may influence the rooting rate, which can cause variations within the management system based on the genetic material, increasing or decreasing the time for permanence of mini-cuttings in the greenhouse for rooting. Considering the mass production of mini-cuttings, it is desirable to relate the appropriate management of structures in the nursery, to optimize all the installations, such as greenhouses and environments, for acclimation and hardening and to use the shortest time, ensuring the quantity and quality of the mini-cutting produced. Among the limiting factors for the cloning of plants via the mini-cutting technique, the minimum permanence time of vegetative propagules in the greenhouse for rooting has been highlighted (GOULART; . The greenhouse has a high relative humidity and air temperature, which, in certain conditions, are favorable to the spread of disease. Unlike the growth speed of the adventitious root, several mathematical models (e.g., exponential and logistic models) can be used to represent rhizogenesis (FERREIRA et al., 2004) , and moreover, can provide a basis for determining the dynamics of rooting for different genetic materials. The optimization of the rooting time in the greenhouse can reduce the negative effects of the high humidity on the adventitious root system, avoiding mortality after rooting.
Based on the data analyzed, our results revealed that the rooting percentages varied between the clones (H12, H19 and H20), and it was possible to use different mathematical equations to model their behavior. Regardless of the clone studied, rhizogenesis began 21 days after the mini-cuttings were brought into the greenhouse and reached their maximum growth at 35 days. According to Ferreira et al. (2004) , it is common to overestimate the permanence time of vegetative propagules in greenhouse conditions for the induction of adventitious roots. However, with the use of mathematical models, we were able to determine a better time to transfer the mini-cuttings to acclimation conditions in a shade-house, for each genetic material.
The formation of adventitious roots in minicuttings involves the formation of meristematic cells niches (i.e., initial cells and/or target cells), which are dependent on external and internal factors (DETTMER et al., 2009; PAPP; PLATH, 2011; RISOPATRON et al., 2010; SMET; BEECKMAN, 2011; SMET et al., 2009) . The differentiation of these groups of cells in the root primordia and the emergence of new roots involve the rupture of other tissues of the stem and the formation of vascular connections with the conductive tissues (HARTMANN et al., 2002; LI et al., 2009 ). There are two routes that can originate or induce the formation of adventitious roots in vegetative propagules: (i) direct organogenesis from different cellular tissues such as the vascular cambium and (ii) from callus tissue followed by mechanical damage, which occurs when vegetative propagules are cut (LI et al., 2009) . Generally, the presence of callus at a region of vascular connection is considered a problem, because the connection region is very fragile, and callus can compromise the functionality of the adventitius root (LI et al., 2009) . Nevertheless, it is desirable that the adventitius root has a direct connection with the vascular cambium, which influences the functioning of the root.
The rooting rates evaluated in our study are suitable for this type of hybrid (subtropical Eucalyptus) and are in accordance with studies performed by Brondani et al. (2010a and b) . More broadly, the data are also similar to those recorded for the mini-cutting technique for other eucalypt species (FERREIRA et al., 2004; GOULART; SCHWAMBACH et al., 2008; STAPE et al., 2001; TITON et al., 2002) .
The H12 clone showed a higher rooting rate than the other clones (H19 and H20). This difference in the rooting speed between genotypes has been previously reported (FERREIRA et al., 2004; HARTMANN et al., 2002) . Many factors may be related to differences in the behavior of rooting, including enzymes, genes, proteins, the temperature of the rooting substrate, the ontogenetic age of the plant tissue and the application of growth regulators (ANDRÉS et al., 2002; CORRÊA; DAI et al., 2004; FOGAÇA; FETT-NETO, 2005; HUSEN; PAL, 2007; LI et al., 2009; PAPP; PLATH, 2011; RASMUSSEN et al., 2009; RISOPATRON et al., 2010; THORPE, 2004; RICHARDSON, 2008) .
The total root length also varied significantly between the clones and was an important variable to consider for modeling the rooting behavior of different clones. This information is important for the management of each clone (e.g., permanence time in the greenhouse for rooting) and the optimization of the installations in the nursery.
The DCI and DMI curves allowed us to determine the maximum rooting time (i.e., establish the time of the greatest growth), which was followed by a reduction in root growth, similar to what was reported by Ferreira et al. (2004) . The reduction in root growth is related to the type of recipient used for mini-cutting production (HARTMANN et al., 2002) . In this study, we use conical plastic tubes with a capacity of 55 cm 3 , which are commonly used in Brazil, and the roots of the mini-cuttings were limited by this volume until day 56. Due to this factor, the roots grew until a maximum was reached (35 days) and then tended to reduce their growth ( Figure 5 ).
The optimal time for the transfer of minicuttings to the greenhouse must properly match the stage of root development, as mortality of the minicutting can occur during the process of acclimation in a shade house if the roots are not developed. Based on our observations, the suitable period for the formation and growth of the adventitious root of the Eucalyptus hybrid is between 35 and 42 days, which is the ideal time interval for the transfer of mini-cuttings to acclimate in a shade house. In summary, it was possible to model mathematically the growth and speed of adventitious rooting in mini-cuttings of Eucalyptus benthamii x Eucalyptus dunnii. The data obtained in this study provide a basis for the management of mass minicutting production of specific genetic materials and can be adopted at commercial nurseries to optimize their installations.
Conclusion
The rooting percentage and the total length of the root system of Eucalyptus benthamii x Eucalyptus dunnii mini-cuttings are possible to model mathematically.
The genotypes show different speeds of rooting. Considering the experimental conditions, the rooting percentage is best represented by a logistic model and the total length of the root system is best represented by an exponential model.
The optimum time for permanence of minicuttings in a greenhouse is between 35 and 42 days, which varies depending on the genotype.
